The adenovirus type 2 (Ad2) host range mutant Ad2hr400 grows efficiently in cultured monkey cells at 37°C, but is cold sensitive for plaque formation and late gene expression at 32.5°C. After nitrous acid mutagenesis of an Ad2hr400 stock, cold-resistant variants were selected in CV1 monkey cells at 32.5°C. One such variant, Ad2ts400, was also temperature sensitive (ts) The 72-kilodalton DNA-binding protein (DBP), encoded in early region 2A of the adenovirus genome, is a phosphoprotein with an avid affinity for single-stranded DNA (66). Unlike most other adenovirus proteins, DBP is expressed at substantial levels both early and late during the viral life cycle (23).
The 72-kilodalton DNA-binding protein (DBP), encoded in early region 2A of the adenovirus genome, is a phosphoprotein with an avid affinity for single-stranded DNA (66) . Unlike most other adenovirus proteins, DBP is expressed at substantial levels both early and late during the viral life cycle (23) .
Analysis of two general classes of DBP mutants has indicated that DBP performs several seemingly diverse functions in the infected cell. The first class of mutants is typified by the temperature-sensitive adenovirus type 5 (AdS) mutant Ad5tsl25 (18) and suggests a role for DBP in viral DNA replication, early gene expression, and cellular transformation. Ad5tsl25 synthesizes a DBP that is thermolabile in its capacity to bind to single-stranded DNA in vitro (67) . At the nonpermissive temperature, Ad5tsl25 is unable to replicate viral DNA both in vivo (18) and in an in vitro system (36) . In vivo the ts125 defect appears to affect both the initiation (68) and chain elongation (36, 69) steps of viral DNA synthesis, although more recent studies have shown that in vitro DBP is only required for chain elongation (14, 25) . In addition, the normal turnoff of early mRNA expression does not occur at the nonpermissive temperature in cells infected with Ad5ts125 (10, 11) . This is not simply due to the inhibition of viral DNA synthesis, since inhibition of DNA synthesis by drugs or by infection with DNA-negative mutants in other early genes does not have the same effect. The negative regulation of early mRNA expression mediated by the wild-type (WT) DBP appears to act at the level of transcription for early region 4 (33, 50) and at the level of mRNA turnover for early regions 1A and 1B (7) . Further- 36 RICE AND KLESSIG mains (44) . Both AdStsl25 and the phenotypically similar mutant AdStslO7 map to the carboxyl-terminal half of the DBP gene (coordinates 60.2 to 63.6 on the adenovirus map), whereas the hr mutants map to the amino-terminal portion of the gene (coordinates 63.6 to 66.0). Biochemical studies also suggest the existence of two domains. Mild treatment of purified DBP with chymotrypsin generates two products: a carboxyl-terminal 44-kd fragment and a 26-kd amino-terminal fragment (39, 60) . The 44-kd polypeptide is similar in size to the C-terminal breakdown product of DBP often observed in extracts from infected cells (59, 66) . The purified 44-kd fragment retains the DNA binding activity of DBP (39) and can complement an in vitro DNA-synthesizing system that is dependent upon exogenous DBP (6) . The 26-kd N-terminal polypeptide has no DNA binding activity, but contains most of DBP's 9 to 11 phosphate residues (39).
Here we describe a novel adenovirus mutant, Ad2ts400, which contains DBP mutations of both types. As expected, the temperature-sensitive mutation that affects DNA replication and early gene expression maps in the C-terminal portion of the gene, whereas the host range alterations map in the N-terminal portion. Analysis of Ad2ts400 provides further evidence that the adenovirus DBP contains separate functional domains. Williams. Monolayer cultures of CVc, 293 , and HeLa cells were cultivated in Dulbecco modified Eagle medium (GIBCO Laboratories) supplemented with 10% calf serum (Irvine Scientific), 100 F.g of streptomycin per ml, and 100 pLg of penicillin per ml. For CV1 cultivation, 5% calf serum and 2% fetal calf serum (Flow Laboratories, Inc.) were used instead of 10% calf serum. Suspension cultures of HeLa cells were grown in Eagle F13 medium (GIBCO).
MATERIALS AND METHODS

Cells
Ad2 and AdS were originally obtained from U. Pettersson and J. F. Williams, respectively. Ad2hr400 and Ad2hr4O3 were isolated by D. F. Klessig (40, 43) . All of the above virus were propagated in suspension cultures of HeLa cells.
AdStsl25, AdSts107, and Ad5dl434 were obtained from J. F.
Williams, C. S. H. Young, and D. Solnick, respectively.
Ad5ts125 and Ad5ts107 were propagated in monolayers of
HeLa cells at 32.5°C, and Ad5dl434 was propagated in 293 monolayers at 37°C. SV40 strain 776 was obtained from J.
Sambrook and prepared as previously described (61) . Plaque assays were performed as described previously (31) , except that MgCl2 was omitted from titrations on 293 and CV1 cells.
Confluent monolayers of CV1, CVc, or HeLa cells were infected at a multiplicity of 20 PFU per cell unless otherwise indicated. After adsorption for 75 min at 37°C in phosphatebuffered saline, the cells were washed, overlaid with medium, and incubated at the appropriate temperature. Analysis of viral protein synthesis. The synthesis of viral proteins in vivo was assayed by labeling cell monolayers with 40 ,uCi of [35S]methionine per ml and analyzing the products by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (41) . Immunoprecipitation of the fiber protein from infected cell lysates was performed as previously described (5 (63) and have been described previously (43, 44) .
The transfected 293 cells were incubated at 37°C for 4 to 5 h before glycerol treatment to boost transfection efficiency (26, 43) .
For mapping of the Ad2ts400 temperature-sensitive muta- The RNA was transferred to diazobenzyloxymethyl-cellulose paper, and the diazobenzyloxymethyl paper was subsequently hybridized with radioactively labeled probes specific for each adenovirus early region as previously described (5) .
All of the Ad2-specific probes used for hybridization were cloned fragments of Ad2 DNA inserted into a pBR322 plasmid. The HindIII A high-titer stock of Ad2h/r400 was mutagenized with nitrous acid for 2 min as described previously (40) . Portions of this mutagenized stock were used to infect CV1 monolayers, and the infections were allowed to proceed at 32.5°C for 68 The kinetics of growth of these two viruses at 32.5°C was next compared. At the completion of one infectious cycle, Ad2ts400-infected CV1 cells yielded three to eightfold more infectious virus than did Ad2hr400-infected CV1 cells (Fig.  2a ). Both viruses, however, grew with similar kinetics. In contrast, Ad2ts400 and Ad2hr400 grew with similar kinetics and yield in HeLa cells at 32.5°C (Fig. 2b ). This experiment was repeated twice more, and very similar results were obtained (data not shown). These results are also consistent with the virus yields shown in Table 1 . We conclude that Ad2ts400 contains a mutation that allows the virus to produce higher yields in CV, cells at 32.5°C, but has little if any effect on the kinetics of viral growth. This mutation has no apparent effect on growth in HeLa cells at 32.5°C. Since several rounds of viral growth are required to produce a visible plaque, the three-to eightfold difference in virus yield is probably responsible for the different plaquing characteristics of Ad2ts400 and Ad2hr400 on CV, cells at 32.5°C.
As can be seen in Table 1 and Fig. 2a , Ad2hr400 produces quite normal levels of progeny virus in CV1 cells at 32.5°C. Therefore, it may not be accurate to characterize its growth in CV1 cells as cold sensitive. Plaque formation by Ad2hr400 on CV1 cells, however, is cold sensitive relative to Ad2ts400. Thus, for the sake of consistency and clarity, we will continue to refer to the growth of Ad2hr400 and Ad2ts400 in CV1 cells as cold sensitive and cold resistant, respectively.
Late protein synthesis in Ad2ts400-infected cells. Based on our selection rationale, we anticipated that the cold-resistant temperature-sensitive mutation(s) of Ad2ts400 resided in the DBP gene. Because a DBP mutation might directly (i.e., host range) or indirectly (i.e., DNA replication negative) affect late gene expression, we compared the patterns of late protein synthesis in Ad2-, Ad2hr400-, and Ad2ts400-infected cells. HeLa or CV1 monolayers were infected with virus and incubated at 32.5 or 39.5°C until late times after infection.
The cells were then pulse-labeled with [35S]methionine, and Physical mapping of the Ad2ts400 temperature sensitivity mutation. The temperature-sensitive mutation of Ad2ts400 was physically localized on the adenovirus genome by marker rescue analysis (26, 43, 63 fected with full-length Ad2ts400 DNA-terminal protein complex plus purified DNA restriction fragments derived from nontemperature-sensitive virus (Ad2, Ad2hr400, Ad2hr4O3). The transfections were allowed to proceed through one infectious cycle at 32.5°C, and the cell lysates were then passaged once or twice on HeLa cells at 39.5°C to enrich for nontemperature-sensitive recombinants. The final yield of nontemperature-sensitive virus was determined by titration on HeLa cells at 39.5°C (Table 3) . EcoRI fragments spanning the entire genome were tested for their ability to rescue. Only the EcoRI B fragment (coordinates 58.5 to 70.7) efficiently rescued the temperature-sensitive lesion. BglII and KpnI fragments were used to further localize the temperature-sensitive mutation within this area of the genome. Both the BglII J fragment (coordinates 60.2 to 63.6) and the KpnI E fragment (coordinates 61.3 to 71.4) were able to rescue. The temperature-sensitive mutation of Ad2ts400 therefore maps between coordinates 61.3 and 63.6 of the Ad2 genome, placing it in the C-terminal half of the DBP gene at a position analogous to that of the Ad5 DBP mutants Ad5ts125 and Ad5ts107 (44) (45) (46) . Ad2ts400 is a double mutant. Ad2ts400 has two phenotypes that distinguish it from its progenitor, Ad2hr400. First, it is fully cold resistant for late gene expression and growth in monkey cells. Second, Ad2ts400 is temperature sensitive for DNA replication and growth in both monkey and human cells. The rationale behind our selection scheme was to create both cold-resistant and temperature-sensitive phenotypes in one mutational step. If such were the case, we would expect that the nontemperature-sensitive recombinants derived in the marker rescue experiments would concommitantly have lost their cold-resistant phenotype.
To test this, virus from plaques resulting from the various crosses described above were isolated and titrated on HeLa and CV1 monolayers at both 39.5 and 32.5°C. As expected, none of the rescued virus exhibited the temperature-sensitive phenotype. All of the recombinants were also able to grow efficiently on monkey cells. This was also expected, since the EcoRI B and KpnI E fragments were derived from host range virus, whereas the BglII J fragment, derived from WT Ad2, does not include the site of the host range mutation. Surprisingly, however, the rescued virus stocks fell into two classes with respect to their plaquing characteristics on CV1 cells at 32.5°C. Both viruses that had been rescued with the Ad2 BglII J fragment retained the ability to form large, rapidly appearing plaques. In To increase the selection pressure the above experiment was repeated with WT Ad2 as the genomic background rather than Ad2hr400. There existed two problems to this approach. First, we needed to ensure that we were mapping the Ad2ts400 cold-resistant mutation and not simply remap- The cold-resistant mutation thus maps in the N-terminal segment of the DBP gene, as does the original Ad2hr400 mutation (44) . We are confident that the marker rescue experiments map the cold-resistant mutation and not simply remap the original Ad2hr400 mutation for two reasons. First, crosses performed with unfractionated XhoI restriction fragments derived from Ad2hr400 yielded no progeny virus. Second, progeny virus obtained in successful crosses yielded large, rapidly forming plaques that were visible by day 18. Since both the Ad2hr400 and cold-resistant mutations map to the same restriction fragments, we do not know whether the cold-resistant mutation alone can confer the cold-resistant phenotype or whether both mutations are necessary.
Cold-resistant recombinants obtained in the crosses were examined to see whether they had simultaneously acquired the temperature-sensitive phenotype. The results were consistent with the earlier mapping data, which localized the temperature-sensitive mutation to Early mRNA accumulation in Ad2ts400-infected cells at the nonpermissive temperature. Experiments were performed to determine whether Ad2ts400, like Ad5tsl25, accumulated early viral mRNA at the nonpermissive temperature (7, 10, 11, 50) . Suspension cultures of HeLa cells were infected at high multiplicity with Ad2 or Ad2ts400 and incubated at 41°C in the presence of araC to inhibit DNA replication. At 6, 12, and 18 h p.i., samples of cells were taken, and cytoplasmic RNA was extracted. Polyadenylated RNA selected from 100 ,ug of each RNA preparation was electrophoresed on a denaturing agarose gel, transferred to diazobenzyloxymethyl paper, and probed with radioactively labeled, cloned DNAs specific for each early region. Differences in early mRNA accumulation between Ad2 and Ad2ts400 were not readily apparent at 6 h p.i. (Fig. 6 ). This was confirmed by densitometric tracings of the autoradiograms, which showed that at 6 h p.i. the steady-state levels of early mRNAs produced by the two viruses were within a factor of two. By 12 and 18 h, however, Ad2ts400 had accumulated higher steady-state levels of early viral mRNAs than had Ad2. At 18 h p.i., the amount of accumulation relative to the WT infection as assessed by densitometry was greatest for early region 1B mRNAs (eightfold), whereas the other early regions (1A, 2A, 3, and 4) were overproduced to lesser extents (two-to threefold). The mRNA species made in both infections were in general similar and similar in size and relative abundance to the species previously reported in Ad2-infected cells treated with araC (4, 9, 16) .
The late Li mRNA family, which has previously been reported to be expressed during the early phase of infection (1, 16, 51, 62) , was also analyzed (Fig. 6) CV1 cells infected at 39.5°C with Ad2 alone showed the typical abortive pattern of protein synthesis, whereas Ad2ts400-infected cells, as expected, are restricted to the early phase of infection (Fig. 7a ). Cells coinfected with Ad2 plus Ad2ts400, on the other hand, showed a productive pattern of late protein synthesis, with all late proteins, including fiber, being made in normal amounts. Virus yield was also greatly enhanced in the mixed infections (Table 5) . Low levels of progeny virus were produced in cells infected with Ad2 or Ad2ts400 alone (9.0 and 1.3 PFU per cell, respectively), but coinfection yielded normal levels of infectious virus (450 PFU per cell). The yields of both Ad2 and Ad2ts400 were enhanced to similar extents in the mixed infection.
The results of this experiment suggest that the ability of Ad2ts400 to express its late genes in monkey cells is not temperature sensitive. A repeat of this experiment in CVC cells, where the block to adenovirus growth is more stringent, showed that although complementation between Ad2 and Ad2ts400 occurred, it was not as complete as in CV1 cells ( Fig. 7b; see below) .
Ad2ts400 late gene expression in monkey cells after temperature shift-up. Although the previous set of results argues that the late gene expression activity of DBP functions independently of its DNA replication activity, the possibility exists that these activities are not independent and that the observed complementation was simply due to the WT DBP protecting the mutant DBP against heat inactivation, possibly as part of a multimeric complex. To rule out this possibility temperature shift experiments were performed with Ad2ts400 in the absence of complementing virus.
CVc cells were infected with Ad2, Ad2ts400, or a nontemperature-sensitive derivative of Ad2ts400 called As expected, Ad2-infected CVc cells showed no detectable fiber synthesis either before or 12 h after the temperature shift-up (Fig. 8b) . In contrast, fiber expression was evident in Ad2hr405-infected cells and increased substantially during the shift-up period. When Ad2hr405-infected cells were treated with araC to block DNA replication, fiber synthesis increased between 0 and 4 h after the shift-up, appeared to level off, and then dropped somewhat at 12 h after the shift-up. A very similar pattern of fiber synthesis was seen in the Ad2ts400 infections. Although araC-treated Ad2hr405 infections showed slightly more fiber synthesis than did Ad2ts400 infections after the shift-up, this is probably the result of a greater number of DNA templates in these cells due to a less stringent block of DNA replication by araC than by the temperature-sensitive mutation (Fig. 8a) . Since the actual amount of functional fiber mRNA or the efficiency of its translation actually increased after the shift-up, the late gene expression function of DBP must remain active even though its DNA replication function is disrupted.
DISCUSSION
Few multifunctional eucaryotic proteins have been studied in great detail, in part due to the great difficulty, at least until recently, of obtaining large numbers of mutants for genetic and biochemical analyses. One exception is the SV40 large T antigen. A variety of genetic and biochemical studies indicate that T antigen is a multifunctional protein containing separate functional domains (for review, see reference 32). A large body of evidence suggests that the adenovirus-specified, 72-kd DBP is another eucaryotic protein that is multifunctional. The similarities between DBP and T antigen are striking. Both are phosphorylated, early viral gene products that are necessary for viral DNA replication and the repression of early gene expression during the late phase of infection. Both are DBPs; T antigen binds specifically to the SV40 origin of replication, whereas DBP binds non-specifically to single-stranded DNA. In addition, the two proteins can complement one another for function. Both T antigen and the host range mutant DBP have the ability to enhance adenovirus late gene expression in monkey cells. Furthermore, the defect in the DNA replication of the adenovirus DBP mutant Ad5tsl25 at the nonpermissive temperature can be partially overcome by coinfection with WT, but not a T antigen tsA mutant of SV40. In return, coinfection with Ad2 helps SV40 tsA down-regulate the expression of its early genes (29, 55 To avoid problems inherent in the interpretation of such complementation experiments, temperature shift experiments were performed in which CVc cells were infected with Ad2ts400 alone. Temperature shift-up during the beginning of the late phase of infection resulted in a rapid and dramatic inhibition of viral DNA replication, whereas the synthesis of the viral fiber protein (the expression of which is most dramatically affected in monkey cells) actually increased and then continued for at least 8 h. The most plausible interpretation of this result is that the late gene expression function of DBP is not disrupted at the nonpermissive temperature even though the DNA replication activity of this protein is destroyed. This interpretation, however, is somewhat clouded by our lack of understanding of the mechanism by which the altered DBP overcomes the monkey cell block to fiber synthesis. The DBP could presumably be acting at one or more levels of gene expression including transcription, RNA processing, RNA transport, and translation. If the late gene expression function of the Ad2ts400 DBP was in fact temperature sensitive, and the protein was acting primarily at the level of translation, we would expect to see an inhibition of fiber synthesis soon after repression of DNA synthesis occurred. This was not the case. If, on the other hand, the Ad2ts400 DBP was temperature sensitive for late gene expression, but was acting at the level of transcription, processing, or transport, we would expect a lag before inhibition of fiber synthesis occurred, since functional fiber mRNA made before the shift-up could continue to direct fiber protein synthesis. Nevertheless, a dramatic inhibition would be expected 8 to 12 h after the shift-up due to turnover of preexisting fiber messages, which have half-lives of approximately 2 h (K. P. Anderson The presence in the cell of either the C-terminal portion of SV40 T antigen or an altered adenovirus DBP can alleviate these deficiencies and allow normal late gene expression. While T antigen and DBP probably overcome these blocks by the same mechanism, this awaits rigorous proof.
It seems likely that the N-terminal domain of DBP performs a vital function for viral infection in human as well as monkey cells, perhaps being required for normal late viral gene expression. The findings that adeno-associated virus requires an adenovirus early region 2A gene product for its growth (37, 58) and that Ad5tsl25 is an efficient adenoassociated virus helper at the nonpermissive temperature (49) suggest such an N-terminal DBP activity in human cells.
The analysis of Ad2ts400 underscores the exquisite sensitivity of DBP to its cellular environment. In human cells, the WT DBP interacts properly with cell components to carry out its many functions. In cultured monkey cells, however, WT DBP presumably cannot interact correctly with cell components necessary for late viral gene expression, even though the putative cellular factors necessary for viral DNA replication are compatible with DBP. The Ad2hr400 mutation most likely alters DBP such that the interactions necessary for late gene expression occur efficiently at 37°C. At 32.50C, however, an altered conformation of the Ad2hr400 DBP or monkey cell components (or both) may allow for only limited functional interaction. The efficiency with which the Ad2hr400 DBP can perform its late gene expression function(s) at 32.50C seems to vary even between different lines of African green monkey kidney cells (Fig. 3b  and 4 ). This cold-sensitive host range block, however, can be overcome by an additional DBP alteration, which presumably allows a functional interaction even at low temperature.
The interaction of DBP with host cell components is not limited to its function in late gene expression. For example, Younghusband et al. (71) found that Ad5tsl25, but not WT virus, was defective for viral DNA replication in mouse cells at the permissive temperature. Further evidence for host interaction comes from studies of intragenic second-site revertants of Ad5tsl25 and AdStslO7 (45, 52, 53) . One class of revertants is no longer temperature sensitive in HeLa cells, but remains temperature sensitive for growth in another human cell line, 293. Another class of revertants grows at 39 .50C in all cell types tested, but fails to autoregulate DBP synthesis in HeLa, but not CV1 or 293, cells at this temperature. Clearly, DBP interacts with host cell components in carrying out many of its activities. Further analysis of this protein should provide insight into how it accomplishes its myriad offunctions. Equally important, DBP should serve as a probe to identify the cellular factors involved in these complex and intriguing processess.
